Cereal Chem. 88(5): [473][474][475][476][477][478][479] Whole-grain wheat flour is used in baking to increase fiber content and to provide vitamins from the bran layers of the kernel. We surveyed whole-grain soft flour samples from North America to determine the nutritional profile using recently revised fiber quantification protocols, Codex 2009.1. Standard compositional and vitamin analyses were also included in the survey. Three separate studies were included in the survey: sampling of commercial whole-grain soft wheat flour, a controlled study of two cultivars across three years and two locations, and a regional study of soft white and soft red grain from commercial grain production. The Codex method for fiber measurement estimated total fiber concentration in the commercial sampling at 15.1 g/100 g, dry weight basis (dwb). In the controlled research trial, the largest source of variation in total fiber concentration was attributed to year effects, followed by genotype effects. For the two locations used in this study, location effects on fiber concentration were significant but an order of magnitude less important than the year and genotype effects. The third study of regional variation within North America found limited variation for total fiber, with the resistant oligosaccharide fraction having the greatest variation in concentration. When all three studies were combined into a meta-analysis, the average total fiber concentration was 14.8 g/100 g dwb. In the meta-analysis, concentrations of folate, thiamin, riboflavin, niacin, and pyridoxine were lower than in previous summary reports. Vitamin E and pantothenic acid were the exceptions, with concentrations that were nearly identical to previous standard reports. Several other recent studies also point to current cultivars and production systems as producing lower concentrations of the essential vitamins than previously reported. The results suggest that vitamin concentrations in diets of populations using grain-based diets from modern cereal-production systems may require review to determine if previous assumptions of vitamin consumption are accurate.
The Codex Committee on Nutrition and Foods for Special Dietary Uses recently updated the dietary fiber definition (Codex Alimentarius Commission 2009). The new definition of dietary fiber, based on functionality in human digestion, is defined as carbohydrate polymers with ten or more monomeric units that are not hydrolyzed by the endogenous enzymes in the human small intestine. Dietary fiber encompasses the following categories: edible carbohydrate polymers naturally occurring in food as consumed; carbohydrate polymers that have been obtained from food raw material by physical, enzymatic, or chemical means and that have been shown to have a physiological effect beneficial to health as demonstrated to competent authorities by generally accepted scientific evidence; and synthetic carbohydrate polymers that have been shown to have a physiological effect beneficial to health as demonstrated to competent authorities by generally accepted scientific evidence. The decision on whether to include carbohydrates of three to nine monomeric units was left to national authorities.
Until recently, AOAC procedures for measuring dietary fiber (985.29 and 991.43) did not quantitatively measure either resistant starch or digestion-resistant oligosaccharides (ROS). McCleary (2007) developed a method incorporating the digestion procedures of AOAC method 2002.02 (for measurement of resistant starch) with the isolation and gravimetric procedures of AOAC methods 985.29 and 991.43 to quantify high molecular weight dietary fiber (HMWDF). In the new method, the filtrate from the quantification of HMWDF subsequently is concentrated, deionized, concentrated again, and analyzed by liquid chromatography to quantify the low molecular weight soluble dietary fiber (all ROS with degree of polymerization  3). Total dietary fiber (TDF) then is calculated as the sum of ROS and HMWDF. This method for dietary fiber is known variously as the McCleary, all-in-one, or Codex fiber method and is standardized as AOAC method 2009.01.
Whole-grain snack foods are made primarily of soft endosperm wheat flour from grain with either red or white seed coats. Nutritional labeling based on the U.S. Department of Agriculture National Nutrient Database for Standard Reference (USDA-SR) is used for dietary and commercial purposes. USDA-SR reports the TDF of whole-grain wheat flour as 10.7 g/100 g, based on seven samples at an average moisture concentration of 10.74 g/100 g (USDA 2010). The average protein concentration in the database samples is 13.21 g/100 g, significantly greater than is typically found in soft wheat and most hard winter wheat grain, which suggests that the samples of the USDA-SR derive from North American hard spring wheat, the predominant class with protein in this range. If the ratio of dietary fiber to total carbohydrates remains constant in wheat grain of varying protein concentrations, then as wheat protein concentration decreases, fiber concentration as measured after digestion of total carbohydrates would increase. Therefore, lower-protein grain, such as soft wheat, may have a greater fiber concentration than high-protein grain, with the consequence that low-protein grain could be targeted for high-fiber applications.
A range of estimates of dietary fiber content in wheat grain can be found in the literature. Hard red winter wheat evaluated following the enzymatic-gravimetric method of Prosky et al (1988) had 10.2% TDF (8.9% insoluble and 1.3% soluble; Ranhotra et al 1990) at 15.9% moisture. Bach Knudsen et al (1995) reported that whole-kernel wheat had 11.8 g/100 g of dietary fiber and 2.8 g/100 g of soluble nonstarch polysaccharides (dwb). And Hernot et al (2008) , also using the Prosky method, reported 14.2% TDF (12.3% insoluble and 1.9% soluble). In the HEALTHGRAIN survey of 151 wheat genotypes grown in one environment in Hungary, TDF in whole grain, as measured by a subtraction methodology, ranged from 11.5 to 18.3 g/100 g (Gebruers et al 2008) . However, in a subsequent HEALTHGRAIN study using AOAC method 994.13 for determination of TDF and testing in four environments, 24 wheat genotypes had lower TDF concentrations, 9.6-14.4 g/100 g (Gebruers et al 2010) .
Refining of wheat grain into flour results in a substantial loss of B vitamins, vitamin E, and folate, as these nutrients are concentrated in the aleurone and pericarp of the kernel. Schroeder (1971) estimated that 50-86% of these vitamins are lost in producing white flour. As a consequence, in the United States and in most countries, wheat flour is enriched with thia-min, riboflavin, niacin, folate, and iron (U.S. Code of Federal Regulations, 21 CFR 137.165) . Whole grains are potentially an important source of B vitamins. Endogenous thiamine in wheat has excellent bioavailability: precaecal digestibility of thiamine in wheat bran was 92% (Roth-Maier et al 1999) . Niacin and pantothenic acid precaecal digestibilities from a wholemeal wheat diet were 59 and 81%, respectively (Roth-Maier et al 2000) .
The primary objective of this study was to evaluate the dietary fiber concentration, including both HMWDF and ROS, of wholegrain soft wheat flour prepared from a broad sampling of North American soft wheat grain. A secondary objective of this study was to provide updated determinations of B-vitamin, folate, and vitamin E concentrations in whole-grain soft wheat flour.
MATERIALS AND METHODS
Three separate studies were conducted to document the variation in nutritional profiles for whole-grain soft wheat flour in North America. Our goal was to have experimental units that represented a robust sampling of grain. The studies had different levels of replication and field sampling. We attempted to pool samples into experimental units of equal weight for inclusion in a meta-analysis of the three experiments. Each experimental unit should represent a localized area of soft wheat production in a specific time and place.
Commercial Whole-Grain Soft Wheat Flour, Study I
For Study I, five commercially milled whole-grain soft wheat flour samples were obtained. A pastry flour was provided by Central Milling (Logan, UT), and a pastry flour was purchased from a specialty food store in Wooster, Ohio (origin of flour and grain uncertain). Three graham flours were provided by Kraft Foods North America, two from an Ohio mill and one from an Ontario, Canada, mill. All graham flours were produced from soft wheat grain. Each of the five commercial flours was an independent experimental unit in the meta-analysis.
Variation in Time and Space, Study II
For Study II, two wheat cultivars, Coral (PI 658527, soft white winter) and Hopewell (PI 595678, soft red winter) were grown in each of two locations in Ohio (Northwest Branch near Tiffin and Ohio Agricultural Research and Development Center near Wooster) in each of three years (2007, 2008, and 2009 ). Grain was cleaned and milled on the Miag Multomat flour mill (Bühler, Uzwil, Switzerland), and bran was ground in a Comil centrifugal mill to prepare whole-grain flour as described in Guttieri et al (2011) . In the meta-analysis, each location within a year was treated as an experimental unit. The value for the experimental unit was the average value for the two cultivars in that locationyear combination. Study II had a total of six experimental units.
Regional Variation, Study III
For Study III, 22 grain samples representing 13 soft wheat production regions across North America were obtained (Table I) . Each region was treated as an experimental unit in the metaanalysis of the three studies. White wheat samples were collected from Idaho, Michigan, and two locations in Oregon. All other samples had red pericarp. Grain was cleaned and milled on the Miag Multomat flour mill, and bran was ground in a Comil centrifugal mill to prepare whole-grain flour as described in Guttieri et al (2011) .
Analysis
Compositional analyses were conducted by Covance Laboratories (Madison, WI) using AOAC methods as specified in Table II . Protein was determined by Dumas combustion analysis (N × 5.7) following AOAC 968.06 and 992.15. HMWDF and ROS were determined using AOAC method 2009.01 (McCleary et al 2010) . TDF (Codex definition) was the sum of HMWDF and ROS. Vitamin E was measured by fluorescence HPLC (McMurray et al 1980; Cort et al 1983; Speek et al 1985) . Iron concentration was determined by microwave digestion (Jones et al 1991) followed by inductively coupled plasma emission spectrometry (Isaac and Johnson 1985) at the Service Testing and Research Laboratory at the Ohio Agricultural Research and Development Center (Wooster, OH).
Data Analysis
Composition values were corrected to a dry weight basis prior to analysis and expressed on a dry weight basis for consistency with previous literature in the field. For purposes of comparison, the USDA-SR values for whole-grain wheat flour also have been converted to a dry weight basis in this project.
The regional variation study was analyzed by a mixed effects analysis of variance. Samples were treated as random effects, having been drawn randomly from the region. Technical replications (duplicate determinations) within samples were therefore also random effects. Regions were fixed effects, and a region's value was estimated by the mean of the samples collected within the region, averaged across all the replicated measures of the nutritional values. The number of technical replications varied for samples.
RESULTS AND DISCUSSION

Commercial Whole-Grain Soft Wheat Flour, Study I
Protein concentration in the five commercial flours averaged 10.7 g/100 g, which, on a dry weight basis, is within the range generally expected for soft wheat grain (Table III) but significantly lower than the mean of the values in the USDA-SR of 14.8 g/100 g (dwb). HMWDF values were similar to the average reported in the USDA-SR for TDF of 12.0 g/100 g (dwb , Table III ). ROS made up over 20% of the TDF. The data for protein concen- tration and dietary fiber concentration in this set of samples do not support the hypothesis that lower-protein grain produces flour of greater fiber concentration: fiber concentration was positively correlated with grain protein concentration. A quadratic regression model, Fiber = -97.8 + 21.8(Protein) -1.1(Protein) 2 , predicted fiber as a function of protein (R 2 = 0.94). Thiamin concentration (average = 0.33 mg/100 g) was consistently lower than reported in the USDA-SR (0.50 mg/100 g). Pyridoxine HCl (vitamin B-6) concentration (average = 0.196 mg/100 g) was less than 50% of the concentration given in the USDA-SR (0.407 mg/100 g). Niacin and riboflavin concentrations were similar to concentrations in the USDA-SR. Pantothenic acid concentration (average = 1.22 mg/100 g) was greater than in the USDA-SR (0.60 mg/100 g). The flour obtained from the specialty food store had a much greater pantothenic acid concentration (1.72 mg/100 g) than the other four flours (1.03-1.18 mg/100 g). Mean vitamin E concentration of the five commercial samples (0.85 mg/100 g) was greater than the USDA-SR value (0.61 mg/100 g). However, four of the five samples had similar concentrations, with a mean of 0.89 mg/100 g, whereas the flour from the specialty food store had a mean vitamin E concentration of 0.69 mg/100 g. Mean iron concentration (3.44 mg/100 g) was 14% less than that given in the USDA-SR (4.03 mg/100 g). However, the USDA-SR is based on only three determinations and reflects a limited data set. The iron requirement for enriched flour (21 CFR 137.165) is 20 mg of iron per pound, or approximately 0.04 mg/100 g, well below the native concentration in whole-grain flour in either the USDA-SR or this survey.
All folate concentrations were lower than the USDA-SR levels (49.3 µg/100 g; Table III ). But the folate concentrations were within the range reported for four whole-grain wheat flours consumed in Sweden (29-43 µg/100 g dwb; Patring et al 2009) . And the folate concentrations in the present study were similar to those obtained from four grain samples grown in .3 µg/100 g dwb; Gujska and Kuncewicz 2009).
Variation in Time and Space, Study II
Grain ash, total fatty acid concentration, and all B-vitamin concentrations were not affected significantly by year, growing location, or genotype. Mean ash concentration was 1.85 g/100 g, and mean total fatty acid concentration was 2.19 g/100 g. Mean concentrations of thiamin, riboflavin, niacin, pyridoxine, and pantothenic acid were 0.29, 0.18, 6.11, 0.218, and 0.98 mg/100 g, respectively.
Year and location significantly affected grain protein concentration, an effect commonly observed in wheat production. Crop year also significantly affected vitamin E concentration in the whole-grain flours (Table IV) Year, location, and genotype all significantly affected HMWDF concentration, and by extension, TDF concentration (Table IV) . The magnitude of the differences among the years of the trial is relatively large compared with the differences among the locations (Table V) . HMWDF and TDF were greater in 2009 than in 2007 and 2008. The year effect on fiber means is as large as the genotype effect in this study. Gebruers et al (2010) also found that environment effects on whole-grain fiber concentration were comparable to genotype effects in 24 wheat genotypes grown in four environments for the HEALTHGRAIN diversity screen. In contrast to the results for the commercial whole-grain soft wheat flour study discussed previously, in the six environments of this study, protein concentration was not significantly correlated with total fiber concentration (r = -0. Year, location, and genotype all had significant effects on folate concentration (Table IV) . Similar results were observed in the much more comprehensive HEALTHGRAIN diversity screen, which included 24 winter wheat and two spring wheat genotypes grown in six environments (Kariluoto et al 2010) . In the HEALTHGRAIN study, as in this study, environmental factors were more significant than genotype in affecting total folate concentration. Genotype significantly affected iron concentration in whole-grain flour: Hopewell whole-grain flour had 12% greater iron concentration than Coral whole-grain flour (Table V) . a Df = degree of freedom; HMW = high molecular weight; *,**, and *** indicate significance at P < 0.05, 0.01, and 0.001, respectively; and ns = nonsignificant.
The location × year interaction was used as the error term to test the significance of year and location. 
Regional Variation, Study III
Protein, total fatty acid, vitamin E, and folate concentrations of whole-grain flours produced from the 13 regions of origin were lower than the USDA-SR values (Table VI) . Significant regional variation was observed in concentrations of these nutrients. Clear, predictive correlations, however, were not identified among these nutrients. Genotypic diversity in vitamin E concentration in grain also was identified in the HEALTH-GRAIN survey of 130 winter and 20 spring wheat genotypes (Lampi et al 2008) , which ranged from 0.91 to 1.99 mg/100 g dwb.
The concentration of ROS varied among the 13 regions of origin, but the concentrations of HMWDF and TDF did not vary among the regions (Table VI) . The HMWDF concentrations measured in this study were similar to the USDA-SR value for TDF. As with the variation in time and space study, in this set of samples, protein concentration was not significantly correlated with TDF (r = 0.13, P = 0.67).
The 13 regions of origin also produced flours that varied significantly in concentrations of all B vitamins (Table VII) .
Riboflavin and pantothenic acid concentrations were highly correlated (r = 0.8). Thiamin and pyridoxine concentrations consistently were significantly lower than the USDA-SR values. Riboflavin and niacin concentrations were in the range given in the USDA-SR. And pantothenic acid concentrations consistently were greater than the USDA-SR level. This pattern of variance from the USDA-SR mirrors that in the commercial flour study.
The largest previous survey of B-vitamin concentration reported in soft winter wheat grain (106 soft white wheat [SWW] and 16 soft red wheat [SRW]; Davis et al 1981) reported thiamine concentrations that were intermediate between the present study and the USDA-SR values. SRW and SWW averaged 0.50 and 0.45 mg/100 g of thiamine, respectively. Pyridoxine concentrations in the Davis survey (0.38 and 0.42 mg/100 g for SRW and SWW, respectively) were also intermediate between those observed in the present study and in the USDA-SR. Niacin concentrations in the Davis survey were significantly greater for SRW (6.45 mg/100 g) than for SWW (5.27 mg/100 g). These concentrations were similar to the concentrations observed in this study and in the USDA-SR. Riboflavin concentrations in the Davis survey were similar for SRW and SWW (0.13 and 0.12 mg/100 g, respectively) but were lower than generally observed in the present study.
Significant genotypic diversity has been measured in thiamine, riboflavin, and pyridoxine concentration of wheat grain (Batifoulier et al 2006) . In the Batifoulier study, thiamine concentration of 49 cultivars averaged 0.382 mg/100 g and ranged from 259 to 613 mg/100 g. Pyridoxine concentration in that study averaged 0.222 mg/100 g and ranged from 0.145 to 0.316 mg/ 100 g. The lower concentrations of thiamine and pyridoxine determined in our study relative to the USDA-SR are within the ranges of the Batifoulier study. Note, though, that riboflavin concentration in that study averaged 0.073 mg/100 g and ranged from 0.048 to 0.107 mg/100 g. These concentrations are significantly lower than those measured in our studies, in the USDA-SR, and in Davis et al (1981) .
The observed range in folate concentration, from 16.0 to 41.7 µg/100 g, was wide but consistent with the importance of environment and genotype in determining folate concentration (Table  VI) . Samples from 11 of the 13 regions of origin had folate concentrations of less than 30 µg/100 g. The range in iron concentration in the 13 regions of origin was from 3.03 to 4.30 mg/100 g.
Meta-Analysis
All three of the studies were pooled to produce a best estimate of average and range for each of the nutritional components (Table VIII) . The meta-analysis used 24 relatively equally weighted samples from the studies. The best estimate of total fiber concentration is 14.8 g/100 g, a number slightly greater than previous estimates from the USDA-SR (2010) . Yet the previous database estimates did not include ROS, which account for approximately 20% of the total fiber estimate. Wheat contains approximately 2.1 g/100 g of resistant starch (Yadav et al 2010) and approximately 0.51 g/100 g of water-extractable arabinoxylan (Dornez et al 2006) . Therefore, the estimated mean concentration of ROS of 3.0 g/100 g in the present study appears reasonable. Measures of fiber that do not include the ROS fraction are, therefore, significantly underestimating the fiber of whole-grain soft wheat flour. We recorded a significant discrepancy with the USDA-SR fiber number based on measures of HMWDF fraction and high molecular weight fraction of the fiber (TDF in Table VIII ). This discrepancy suggests that previous samples of whole-grain fiber may have overestimated the concentration of large molecular wheat fiber or that current soft wheat grain may have smaller percentages of weight in this type of fiber. The results indicate that labeling of fiber content using whole-grain soft wheat content may not need to change. Yet investigations of diet and health may need to recalculate daily intakes if they are focused on HMWDF.
Vitamin concentrations in the meta-analysis (Table VIII) are consistent with the results discussed previously in the commercial, variation in time and space, and regional variation studies. In comparison with the USDA-SR, the meta-analysis values had lower concentrations for folate, thiamin, niacin, and pyridoxine. The largest percentage difference was found in pyridoxine, which was 0.22 mg/100 g, compared with 0.46 mg/100 g in the USDA-SR. Vitamin E and pantothenic acid were exceptions to that trend, with concentrations that were nearly identical to the USDA-SR values. Mean iron concentration in each of the three studies was less than that in the USDA-SR, but the mean of all samples in the meta-analysis was not two standard deviations below the USDA-SR numbers (Table VIII) . Several other recent studies (Davis et al 1981; Gujska and Kuncewicz 2009; Patring et al 2009 ) also point to current cultivars and production systems as producing lower concentrations of the essential vitamins than previously reported. Improvements in methods and study sizes may account for some of the differences between these studies and older reports. Yet the trend suggests a reconsideration of the levels of vitamins assumed to be contributed by modern cereals.
CONCLUSIONS
We found that whole-grain fiber content for wheat could be reliably measured using the AOAC 2009.1 method. The soft wheat fiber content was greater than previously reported when all types of fiber were included in the total, 14.8 g/100 g versus 12.0 g/100 g. The results also suggest that vitamin concentrations in the diets of populations using grain-based diets from modern cereal production systems may require review to determine if previous assumptions of vitamin consumption are accurate.
